Intercalating ligands may improve both the stability and sequence specificity of triple helices. Numerous intercalating drugs have been described, including coralyne, which preferentially binds triple helices, though its sequence specificity has been reported to be low 
INTRODUCTION
External regulation of specific gene expression can in principle be achieved by several different means, including the use of substrate analogues to inhibit a gene product, DNA or RNA complementary to a particular mRNA sequence (antisense strategy and ribozymes), a small molecule that binds to particular DNA sequences or an oligonucleotide that binds to a specific DNA duplex sequence (antigene strategy). The last methods are to be preferred, as there is only one target (or a small number of similar genes) per cell, compared with the amplification achieved by both transcription and translation. However, small molecules, despite recent successes at achieving high affinity for DNA (1), generally do not have sufficient sequence selectivity to turn off a single gene in a large genetic background (2) . Antigene oligonucleotides may offer much greater sequence selectivity, despite the requirement for runs of purines on one strand of the target in order to form the triple helix. One of the main difficulties with antigene methods is the relatively low thermodynamic stability of triple helices, compounded for some sequences by the need for protonation of cytosines (2) . An alternative is to use a binary system of a triplex-forming oligonucleotide in conjunction with a small ligand that preferentially binds the triplex helix. Such a ligand will automatically improve triplex stability and also provide additional sequence selectivity, either by the sequence preferences of the ligand itself or by permitting the formation of specific mismatches (decreasing the stringency of the triple helix).
Intercalating ligands that preferentially bind triplexes have been described and include the acridines, anthracene-9,10-diones, BePI, the naphthoquinolines and coralyne (3) (4) (5) (6) (7) (8) (9) (10) (11) . Other aromatic systems that intercalate well into DNA duplexes may destabilize triple helices (e.g. ethidium; 2,7). One ligand that has been studied extensively is coralyne (7, 12) . This ligand is yellow and has convenient absorption bands at 330 and 450 nm, well removed from DNA absorption in the 260-280 nm range. It is also fluorescent and, as a planar ligand, has very little intrinsic circular dichroism. It can also be used to stabilize intermolecular triple helices, which then inhibit the action of DNase I (footprinting).
We have used DNase I footprinting, optical spectroscopy and NMR to characterize the binding of coralyne to defined triplexes and determine the dissociation constants. Previous work with *To whom correspondence should be addressed. Tel: +44 181 959 3666; Fax: +44 181 906 4477; Email: a-lane@nimr.mrc.ac.uk Nucleic Acids Research, 1997 , Vol. 25, No. 10 1891 coralyne binding to polymeric DNA was reported to show that coralyne has no sequence specificity and that it also interacts with duplex DNA (7). We find significantly different behaviour, with both intra-and intermolecular triple helices.
MATERIALS AND METHODS
Strands of DNA were made using phosphoramidite chemistry and purified by HPLC as previously described (13) . Covalently linked DNA oligomers were prepared using hexaethylene glycol as previously described (14) . Such intramolecular triplexes are written as, for example, d(AAAAAA-L-TTTTTT-L-TTTTTT), where L denotes the linker and the underlining shows the WatsonCrick duplex.
Plasmid pAG1, which contains the sequence d(AAAAAAGG-GGGG)·d(CCCCCCTTTTTT) cloned into the BamHI site of pUC19, was prepared as previously described (3, 5, 15) . A fragment containing this region was prepared by cutting the plasmid first with HindIII, labelling at the 3′-end with reverse transcriptase and [α-32 P]dATP and cutting again with EcoRI. This procedure labels the purine strand of the target triplex site. The fragment was resolved and separated from the remainder of the plasmid by electrophoresis on a native 8% polyacrylamide gel. The fragment was eluted from the gel slice, precipitated with ethanol and redissolved in 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5.
Coralyne was purchased from Sigma (Poole, UK). According to TLC, NMR and mass spectrometry, the compound was ≥98% pure and was used without further purification.
DNase I footprinting
DNase I footprinting was carried out as previously described (3, 5, 15) . Aliquots of 1.5 µl labelled DNA (∼10 nM) were mixed with 1.5 µl third strand oligonucleotide and, where present, 1.5 µl coralyne in a buffer containing 50 mM sodium acetate, 5 mM MgCl 2 , 2 mM MnCl 2 , pH 5.5, for the parallel Y·RY triplexes, or 10 mM Tris-HCl, 5 mM MgCl 2 , pH 7.5, for the antiparallel R·RY triplexes. The mixture was allowed to equilibrate at room temperature for at least 1 h before adding 2 µl DNase I solution (0.1 U/ml in 20 mM NaCl, 2 mM MgCl 2 ). The reaction was stopped after 1 min by adding 4 µl formamide containing 10 mM EDTA and 0.1% (w/v) bromophenol blue. Samples were boiled for 3 min, rapidly cooled on ice and loaded onto 11% polyacrylamide gels containing 8 M urea. The 40 cm gels were run at 1500 V for 2 h, fixed in 10% (v/v) acetic acid, transferred to Whatman 3 MM paper and dried at 80_C. The dried gels were autoradiographed at -70_C using an intensifying screen. Bands were assigned by comparison with Maxam-Gilbert marker lanes specific for G+A.
Optical spectroscopy
UV melting studies were carried out as previously described (16) . Optical spectra were recorded on a Hitachi U-3210 spectrophotometer with 1 ml cuvettes thermostatted at 25_C. Difference spectra were recorded using tandem quartz cuvettes (d = 4.4 mm). Titrations and optical studies were carried out either in Tris-NaCl, pH 8.0, or in sodium acetate, 5 mM MgCl 2 , pH 5.0. Stock solutions of coralyne (∼2 mM) were made up in water, as the ligand is less soluble in buffer, and kept in the dark. The stock solution was diluted with buffer for subsequent work. For titrations, small aliquots of a buffered solution of DNA were added serially to a solution of coralyne at 2-10 µM and the change in absorption measured at 334 nm. There is no absorbance for DNA at this wavelength. Titration curves were analysed using the program Kaleidagraph (Synergy Software, Reading, PA). Circular dichroism (CD) spectra were recorded on a JASCO spectropolarimeter as previously described (17) .
NMR spectra were recorded at 14.1 T on a Varian Unity NMR spectrometer. For spectra in H 2 O, the Watergate method (18) was used for solvent suppression. The NMR spectra of the free triplexes d(AGAAGA-L-TCTTCT-L-TCTTCT), where L is hexaethyleneglycol, were assigned by standard methods. The chemical shifts of the exchangeable protons were monitored as a function of the concentration of coralyne. The amino groups of the cytosine bases in the Hoogsteen strand have highly characteristic chemical shifts (19) and are good indicators of the presence of a triple helix.
RESULTS

DNase I footprinting
The interaction of coralyne with intermolecular DNA triplexes has been examined by its effect on the formation of a triple helix between d(TTTTTCCCCC) and a DNA duplex fragment containing the sequence d(AAAAAAGGGGGG)·d(CCCCCCTTTTTT) (see Materials and Methods). This triplex is not stable, presumably because of its short length and the presence of five contiguous C + ·GC base triplets. However, the triple helix can be stabilized either by attaching an intercalating acridine molecule at one end (15) or by adding a triplex binding ligand such as a naphthylquinoline (3). Figure 1A shows a DNase I footprint of the duplex d(AAAAA-AGGGGGG)·d(CCCCCCTTTTTT) with increasing concentrations of coralyne in the absence of the third strand. As the concentration of coralyne was increased, the intensity of the bands in general decreased and the enzyme was strongly inhibited above 10 µM drug. It is not clear whether this was due to a direct inhibition of the enzyme or to intercalation of coralyne into the duplex. In the absence of coralyne, the third strand produced essentially no footprint even up to 50 µM (Fig. 1B) . At 10 µM third strand, the DNase I pattern was altered in the presence of 10 µM coralyne and higher (Fig. 1B) . Although there was a general attenuation of the band intensities in the presence of both ligand and oligonucleotide, the pattern was different from that produced by either molecule alone, suggesting that coralyne stabilizes the DNA triplex helix. In particular, there was a region of enhanced cleavage at the 3′-end of the target site at the positions AAAAAAGGGGG/ G/GATC, corresponding to the triplex junction. This enhanced cleavage has previously been shown to be characteristic of parallel triplex formation (15) . The enhancement was not observed with ligand alone (Fig. 1A) . Furthermore, the doublet at the upper, 5′-edge of the target site was more efficiently protected in the presence of oligonucleotide than with ligand alone. This indicates that coralyne significantly stabilizes this parallel DNA triplex. The changes in the intensity of other bands above and below the target site reflect the interaction of coralyne with the DNA duplex and are consistent with the generalized decrease in band intensity shown in Figure 1A .
Because it has been reported that coralyne, unlike other triplexbinding ligands, has no preference for TA·T or GC·C + triplets (7), we have compared the ability of coralyne to stabilize triplexes formed from the same target site with either d(TTTTTTCC) or d(TTCCCCCC), which consist primarily of TA·T and CG·C + triplets respectively. Neither triplex was stable in the absence of (Fig. 1C) , as shown by the enhanced cleavage at the 3′ triplex/duplex junction and loss of the doublet at the upper edge of the target site. The enhancements observed with d(TTTTTTCC) were located at AAAAAAGG/G/GGGGATC, three bases higher in the gel than with d(TTTTTTCCCCCC), consistent with their location at the triplex/duplex boundary. In contrast, no triplex was visible with d(TTCCCCCC) in the presence of coralyne. This clearly indicates a significant binding preference for TAT triples over CG·C + triples, even at pH 5.5.
We have also studied the effect of coralyne on the antiparallel R·RY triplex formed by d(GGGGGTTTTT) at the same target site (Fig. 1D) . In the absence of ligand this oligonucleotide did not produce a significant footprint (5). However, a footprint was observed with 50 µM oligonucleotide in the presence of 30 µM coralyne at pH 7.5, indicating that the antiparallel motif can also be stabilized by this ligand. The differences between the footprints produced by the TC and GT oligonucleotides in the presence of coralyne may reflect the different pH values in the experiments and the different conformations adopted by parallel and antiparallel triplexes. . This shows that the triplex is at least as stable as the duplex. Increasing the concentration of coralyne shifted the melting curve of the triplex to higher temperature, with a significant increase (7.8_C) in the T m of the transition. In contrast, coralyne had a negligible effect on the T m of the duplex (Table 1) . Hence, coralyne binds to triplexes made of d(A) n sequences much more tightly than to the corresponding duplexes. A similar result was obtained for the antiparallel d(TTTTTT-L-AAAAAA-L-TT-TTTT). In this case, the melting curve was biphasic, as the triple helix was rather unstable. However, adding coralyne greatly stabilized the lower temperature transition, with no discernible effect on the higher temperature (duplex to strand) transition (Table 1) . Stabilization of the triplex was remarkable; at 30 µM coralyne the T m increased 24_C. Hence, coralyne can indeed greatly stabilize DNA triplexes consisting of TA·T triplets only and, furthermore, the stabilization is greater for antiparallel than for parallel triplexes.
In contrast, triplexes consisting of alternating CG·C + and TA·T triplets were not significantly stabilized by coralyne at either pH 5 (where the triplex is stable) or at pH 7 (where deprotonation of the cytosine results in an unstable triplex) (Table 1) . Hence, coralyne does not bind strongly between CG·C + and TA·T triples at micromolar concentrations. T m values were obtained from UV melting curves as described in Materials and Methods. X is the hexaethyleneglycol linker.
Optical spectrophotometry
It is difficult to determine dissociation constants for ligand binding by footprinting or UV melting. We have therefore utilized optical spectroscopy. Coralyne is a yellow compound that has absorption bands in the near UV that do not overlap with the absorption of DNA. Figure 2 
shows a UV-Vis difference spectrum for coralyne binding to the intramolecular triplex d(AAAAAA-L-TTTTTT-L-TTTTTT).
Under the conditions of this experiment the DNA and ligand are each ∼80% in the bound form (see below). The largest differences were at ∼330 nm, which corresponds to an absorption band of the free ligand (not shown). In addition, there were two positive bands at 405 and 434 nm, which correspond to weak bands of the free ligand. Hence, the ligand electronic transitions are perturbed on binding to the DNA triplex, indicating a substantial change in environment. These differences are particularly useful for titration, as DNA does not absorb above 300 nm. A typical titration curve is shown in Figure 2B and C. At high concentrations of ligand the stoichiometry appears to be 1:1. In principle, there are up to five essentially equivalent intercalation sites in this triple helix. However, as the DNA concentration is increased, statistically only one site per triplex will be occupied, although not necessarily the same one on each molecule. The apparent dissociation constant and difference absorption coefficient were determined at two different concentrations of ligand, with essentially the same result. In this instance, (Table 2 ). This parallels the results obtained by UV melting and is consistent with the information obtained by DNase I footprinting (see above). Difference spectra were recorded at 25_C as described in Materials and Methods. Titrations were carried out at 25_C at a maximum in the difference spectrum (332-334 nm).
Because of the difference in affinity of coralyne for the different sequences, we made further oligonucleotides that contain a single sequential pair of AT·T/AT·T triplets,
, where L is hexaethyleneglycol. The neighbouring TA·T triplets should preferentially interact with the ligand. The UV-Vis difference spectra were qualitatively similar to those obtained with the other oligonucleotides, although the difference absorption coefficient was significantly smaller. For the d(GAGAAG-L-CTTCTC-L-CTCTTC) and d(GAAGAG-L-CTCTTC-L-CTTCTC) triplexes, the binding affinity was somewhat stronger than for d(AAAAAA-L-TTTT-TT-L-TTTTTT) and decreased significantly as the pH was raised to 7.9 ( Table 2) . The difference absorption coefficient was smaller at pH 8 than at pH 5 and it is possible that there is a different mode of binding to the duplex and (small amount of) triplex under these conditions. The d(AGAAGA-L-TCTTCT-L-TCTTCT) sequence showed intermediate affinity for coralyne at pH 5 and was only 2-fold lower at pH 8. For comparison, we have also determined the dissociation constant for naphthoquinoline at pH 5 as 1.3 ± 0.2 µM using the same method. In comparison, this ligand seems to give a stronger DNase I footprint than coralyne (4, 5) .
To characterize the nature of the coralyne-DNA complexes further, we have used CD, which provides information on perturbation of the electronic environment of the ligand. Figure 3 shows CD spectra of different triplexes in the absence and presence of coralyne. There were substantial changes in the CD when coralyne binds to d(AAAAAA-L-TTTTTT-L-TTTTTT), but much smaller ones when it was mixed with d(GAGAAG- L-CTTCTC-L-CTCTTC), even though the degrees of saturation should have been ∼80 and 50% respectively under these conditions (cf. Table 2 ). Fluorescence quenching experiments were consistent with coralyne intercalating into TA.T triple helices (7) (see also below). It is possible that the drug does not intercalate into the GCC + -containing triplexes as well as it does into the all-TAT triplexes.
NMR spectroscopy
NMR spectra of d(AAAAAA-L-TTTTTTT-L-TTTTTT) and d(GAGAGA-L-TCTCTC-L-CTCTCT) ± coralyne were recorded. Stoichiometric binding was observed for the former triplex (Fig. 4A) . Under the conditions of these experiments the concentration of potential sites exceeds the concentration of the ligand, so that, on average, only one molecule of coralyne is bound per mole of triplex and excess free triplex is present. The large changes in chemical shifts are consistent with intercalation. However, the number of changes in chemical shifts suggests that more than one kind of complex is present, i.e. intercalation occurs at different sites within the DNA triplex, with somewhat different spectra. The relative intensity of the peaks indicates that these states are populated to a similar extent. Binding was also observed with d(GAGAGA-L-TCTCTC-L-CTCTCT) (not shown), which was expected given a K d value in the range 5-10 µM ( Table 2 ). The NMR spectrum of the triplex d(AGAAGA-L-TCTTCT-L-TCT-TCT) was assigned by standard methods and the exchangeable protons are shown in Figure 4B . The amino protons of the Nucleic Acids Research, 1997 , Vol. 25, No. 10 1895 Hoogsteen cytosines resonated at a very characteristic shift (∼10.2 and 9.8 p.p.m.) (19) . We note that one of the two triplexes shows evidence of more than one conformation of the triplex state. The reasons for this structural heterogeneity are unclear, but seem to be a function of the sequence. On adding coralyne, initially one set of triple helix-specific resonances shifted up to a population of ∼50%. After this, a second ligand began to bind to a different site (Fig. 4) . This indicates that although the primary site (TA·T/TA·T) does have the highest affinity, neighbouring sites must have affinities that are not much lower. Under the conditions of the NMR experiments (∼1 mM DNA) ligand binding should be essentially stoichiometric and the occupation of sites will occur in the ratio of their ligand dissociation constants.
DISCUSSION
The thermodynamic results in combination with the spectroscopic and footprinting data all indicate the same result, namely that coralyne preferentially interacts with TAT triples in triplestranded DNA. Further, the apparent dissociation constant from d(AAAAAA-L-TTTTTT-L-TTTTTT) determined by optical titration is ∼0.5 µM. This is in close agreement with the value estimated from T m measurements on polydisperse material (7). However, our results clearly indicate that this ligand binds nearly an order of magnitude less tightly to triplexes containing alternating CG·C + and TA·T triples. This result is in contrast to the previous conclusions (7) The affinity of coralyne for 'single site' triplexes of the kind d(AGAAGA-L-TCTTCT-L-TCTTCT), while always higher than for the alternating GA sequence, depends on the position of CG·C + triples (Table 2 ). This is may be a consequence of long range electrostatic interactions between the positively charged ligand and the positive charge on the protonated cytosine. We would expect the pK of a terminal GC·C + to be much lower than that of an internal one (J.-L.Asensio Alvarez, J.Dhesai, S.Bergquist, T.Brown and A.N.Lane, unpublished data), such that at pH 5, terminal CG·C + triples are only partially protonated and therefore give rise to less repulsion on average.
The binding of coralyne to these triplexes is relatively strong and is at least as tight as the best of the unfused aromatic cations, of which the best are the napthoquinolines (3-5,11), and considerably tighter than the anthracene-9,10-diones (6) .
The NMR data are useful for characterizing both the starting material and the end state. It is clear that it is possible to make a complex in which only one unique site per molecule is occupied. However, at NMR concentrations this requires an excess of DNA over ligand for the triplexes studied here, leading to a mixture of two complex, overlapping spectra. Nevertheless, it is clear from the data presented here that coralyne does indeed intercalate into TA·T triplexes, in agreement with fluorescence quenching experiments (7). It is possible that the weaker binding to GCC + -containing triplexes (and duplexes) results in a different conformation, in which the planar chromophore is only partly intercalated. This is suggested by the optical spectra and would be consistent with charge repulsion between the protonated C in the third strand and the positive charge of the ligand. To analyse 
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the conformation of the ligand-triplex complex further, it will be necessary to improve the sequence selectivity further, so that a single, unique complex accounts for >90% of the material in solution. The results presented here indicate that this goal should be achievable and will allow us to determine the details of an intercalated triplex-drug complex and provide essential information about the nature of the molecular interactions.
